Abstract. This paper presents the past evolution of the orbital elements of comet 67P/Churyumov-Gerasimenko, target of the Rosetta spacecraft. The gravitational orbit of the comet is affected by the sublimation of ice from the nucleus that triggers non-gravitational forces. The comet also experienced several close encounters with Jupiter especially in 1959 and 1928 (less than 1 AU). These perturbations cause the chaoticity of the comet orbit at short time scale. The goal of this paper is to present when the chaoticity appears by the compution of the Lyapunov characteristic exponent and the mean trends of the orbital elements in the past to have an idea of its recent dynamical history. To compute these mean trends, two sets (considering or not the non-gravitational forces) of 200 clone orbits of the comet were considered. This paper shows that the last close encounter with Jupiter on February 4 th , 1959 drastically modified the orbital elements of the comet (especially the perihelion distance from more than 2.7 AU prior the encounter to 1.3 AU after the encounter). The motion of the comet is also shown to be chaotic with a Lyapunov time about 90 years in the past. The mean trends of the orbital elements of the comet are also presented in this paper (for two time scales : 275 years in the past and 2750 years in the past).
the comet during its active phase around the Sun. The orbit of the comet is affected by the sublimation of the ice off the nucleus. When the comet approaches the Sun, this outgassing triggers a non-gravitational force (NGF) that significantly modifies its orbit. Moreover, during its past orbits, comet 67P/C-G had several close encounters with planet Jupiter. Because of these perturbations, the orbit of 67P/C-G is chaotic. This chaoticity was already revealed by [6] by integrating 20 orbits of random clones of the comet and by using different nongravitational models and [5] by integrating 18 clones with nine different values of the initial mean anomaly and considering the NGF or not.
Contrary to these previous studies, the goal of this paper is to show the mean past evolution [8] . The non-gravitational perturbing acceleration is given by its radial, transverse and normal components, in the equatorial heliocentric frame as : and A 1 , A 2 , A 3 are constants obtained by fitting the astrometrical positions of the considered comet together with the orbital elements. The vector e R , e T and e N are respectively the radial, transverse and normal direction vectors. The dimensionless function g(r) represents the variation in the sublimation rate as a function of the heliocentric distance of the comet r. According to figure 1 generated from equation 2, we note that the activity begins to be significative toward the sun around 2.7 AU wich is the snow line of the Solar System ( [1, 9] ).
According to [12] , the activity of 67P/C-G began before the snow line but was very weak and not enough strong to affect the dynamic and be detected by orbital computation.
The acceleration due to relativistic effects is also introduced because of the proximity of the comet to the sun during the perihelion passage. The relativistic effects are comparable in term of magnitude to the non-gravitational forces ( [7] ). Moreover, the non-gravitational parameters given in table 1 were determined by fitting a model including these effects. That is why it is really important to take these effects into account. This acceleration is given by [3] :
where r is the heliocentric position vector of the comet, k is the Gauss gravitational constant and c the velocity of light. I formulate the equation of motion in an equatorial heliocentric frame where the variables are the cartesian coordinates of the position of the comet. The equations of the motion of the comet can be written as :
where m i are the planet masses and r i the heliocentric position vector of the i th planet.
Equation 4 can be reduced to a system of six first order differential equations as follow :
where the components X 1 , X 2 and X 3 represent the components x, y and z of the heliocentric position vector r of the comet. X 4 , X 5 and X 6 represent the components v x , v y and v z of the velocity vector dr dt of the comet. The integrations of this system are performed using the 15-th order RADAU integator ([4]).
2.2.
Monte-Carlo method to clone the comet. By fitting the astrometrical measurements of the comet, it is possible to obtained the orbital elements. According to the least square method and due to the randomly gaussian errors of the observations, it is possible to determine the errors (see Table 1 ) of the orbital elements (or the cartesian coordinates by Figure 1 . g(r) as a function of the heliocentric distance r. This figure is generated using the equation 2 changing reference frame) and the non-gravitational parameters.
The chaotic behaviour of the comet is computed by considering several orbits with small variations of their initial conditions. The small variations are choosen randomly as :
where X i are the initial conditions of the clone of the comet, X i0 are the optimal initial conditions of the comet determined by fitting the astrometrical measurements, σ X i0 are the errors on X i0 and ǫ i is a random number choosen in the normal distribution of mean 0 and variance 1 (because of the presumed gaussian nature of the errors). I take care that the choosen values correctly describe the observations by rejecting the set of initial conditions with a too large rms (typically larger than 2.5" for the orbit considering NGF and 3" without NGF. Above this limit, lots of observations are not described accurately by the dynamical model). The initial conditions and their errors are presented in table 1. They come from the IMCCE database 
Results
The orbits are integrated backward over 275 yr (1000 steps of 100 days) and over 2750 yr (1000 steps of 1000 days). of the orbits lie between the dashed lines of the figures. The considered six orbital elements are : the semi major axis a, the eccentricity e, the orbit inclination i, the argument of the perihelion ω, the longitude of the ascending node Ω and the perihelion distance q h .
The comet is known to experience close encounter with Jupiter. The two last closest encounters happen on February 4 th , 1959 (closest distance 0.05 AU) and October 2 nd , 1923
(closest distance 0.92 AU). The 1959 close approach drastically modified the orbit of the comet.
The semi-major axis was reduced from about 4.3 AU to 3.5 AU and its perihelion distance was reduced from about 2.7 AU to 1.3 AU (see Fig. 3a and 3b) . Every close encounter of the comet with Jupiter induce less precision of the past comet orbits. Indeed, each close approach tends to increase the chaoticity of the orbit. The chaoticity of the motion of the comet was investigated using the Maximum Lyapunov Characteristic Exponent (here after MLCE). The MLCE is defined as :
where χ(t) is the Lyapunov characteristic exponent. χ(t) is computed as follow ( [11] ):
where the vector w(t) is the solution of the variational equation range (see Fig. 3 and 4) . This is due to the fact that for a time anterior to the date of the 1923 close encouter, the system was chaotic (according to the Lyapunov time).
Nevertheless, it is possible to see the trends of the orbital elements in the past. We note that, in the past, the orbit was surely more circular (see Fig. 3c and 4c ) and closer to the ecliptic (see 3d and 4d). This is consistent with 67P/C-G being a Jupiter family comet formed in the Kuiper Belt ( [2] ).
According to figure 4a, we see that the comet was probably orbiting over the control of Jupiter (a > 10 AU) as noted by [6] . We note that there is a large difference of dispersion between the orbits with and without NGF for the semi-major axis (see Fig. 4a ). Otherwise, the comet Finally, according to figure 3b and 4b, we see that before the close encounter with Jupiter in 1959, the perihelion distance was further from the sun than it is today. Indeed, at least 84% of the calculated orbits (orbit beyond (q h − σ q h )) are lying beyond 2 AU where the activity of the comet is low (see fig. 1 ). So the nucleus surface may be young and not much altered by outgassing processes.
Conclusion
Considering the results of the integrations of two sets (considering or not the NGF) of 200 clones of 67P/C-G, the main conclusions of this study are the following :
• The close encounter with Jupiter on February 4 th , 1959 drastically modified the orbital elements of the comet.
• The motion of the comet is chaotic with a Lyapunov time about 90 years in the past (which approximately corresponds to the 1923 close encounter with Jupiter)
• According to the mean trend of q h and for a date anterior to the 1959 close encounter with Jupiter, the comet was orbiting farther from the sun (q h > 2 AU) where the nucleus activity (outgassing) was lower than now. Thus, the material at the nucleus surface has to be relatively young. • The variation of the orbital element in the past, especially the eccentricity and the inclination of the orbit, are explained by the fact that 67P/C-G comes from the Kuiper Belt. Indeed, in the past, the orbit seems to be more eccentric and more in the ecliptic plane.
